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INTRODUCTION 


This  paper  describes  an  ongoing  experimental  investigation  of  plume-induced,  turbulent 
boundary  layer  sqtaration  as  it  occurs  in  supersonic  flight.  Plume-induced  boundary  layer 
separation  (PIBLS)  is  a  phenomenon  that  can  occur  on  a  wide  range  of  aerod3^namic  vehicles 
during  smne  poition  of  the  flight  regime.  Examples  include  single-stage  tactical  irussUes,  multiple- 
stage  missiles  and  rockets,  lu^-performance  fighter  aircraft,  and  atmospheric  reentry  vehicles  to 
name  but  a  few.  Figure  1  dq)icts  PIBLS  occurring  on  a  generic  two-stage  missile,  llie  existence 
of  PIBLS  in  the  flo^dd  can  detrimentally  influence  the  static  stability  of  the  vehicle,  degrade  the 
effectiveness  of  control  surfaces,  and  significantly  contribute  to  base  and  afterbody  heating.  Since 
these  effects  can  severely  endanger  the  structural  integrity  of  the  aerodynamic  veUcle,  PIBLS  is  a 
subject  worthy  of  the  scientific  community's  attention  bemuse,  not  only  is  it  an  important  topic  for 
basic  fluid  dynamics  research,  but  a  better  understanding  of  this  phenomenon  can  also  benefit  the 
flight  performance  of  aerodynamic  vehicles. 


In  addition  to  being  dependent  upon  the  vehicle  geometry,  the  occurrence  of  this 
phenomenon  is  also  dependent  upon  the  external  airstream  and  nozzle  flow  properties.  The 
exhaust  gases  from  a  propulsive  unit,  either  a  jet  engine  or  a  rocket  motor,  will  expand  to  form  ^ 
plume  with  a  diameter  larger  than  the  engine  nacelle  or  vehicle  body  diameter  when  the  static 
pressure  at  the  nozzle  exit  plane  is  substantially  larger  than  the  static  pressure  of  the  surrounding 
airstream.  The  presence  of  tiiis  underexpand^  et^ust  plume  deflects  the  freestieam  flow  and 
thereby  imposes  an  adverse  pressure  gradient  upon  the  afterbody  boundary  layer.  If  the 
momentum  of  the  fluid  in  the  toundary  layer  is  not  sufficient  to  overcome  this  adverse  pressure 
gradient,  the  boundary  layer  will  separate  upstream  of  the  physical  comer  of  the  base.  The 
upstream  movement  of  the  boundary  layer  separation  point,  residting  from  the  interaction  of  the 
exhaust  plume  with  the  external  airstream,  is  c^ed  plume-induced  boundary  layer  separation. 


With  the  development  of  jet  aircraft  and  ballistic  missiles  in  the  1950's,  PIBLS  began  to  be 
recognized  as  a  potential  problem  affecting  the  flight  perfortnance  of  atmospheric  vehicles.  The 
early  experimental  investigations  of  this  flowfield  phenomenon  were  conducted  in  the  1960's  and 
involved  laminar  boundary  layers.  Laminar  boundary  layers  were  used  because  the  region  of  the 
flight  envelopes  which  encountered  the  most  severe  cases  of  PIBLS  occurred  at  high  altitudes 
where  the  extremely  large  jet-to-fireestream  static  pressure  ratios  resulted  in  extensive  regions  of 
separation  and,  consequently,  the  laminar  boundary  layer  did  not  have  a  sufficient  development 
distance  for  transitioning  to  a  turbulent  state  prior  to  separation.  These  early  studies  were 
conducted  on  both  single  nozzle  [e.g.,  1,2]  and  multiple  nozzle  [e.g.,  3,4]  base  configurations, 
and  focused  primarily  on  understanding  the  impact  that  PIBLS  had  on  the  static  stability  of 
aerodynamic  vehicles  by  examining  both  the  overall  physical  characteristics  of  the  separated  flow 
region  (separation  pattern,  separation  length,  angle  of  separation,  etc.)  and  the  resultant 
aerodynamic  loads  as  a  function  of  various  flow  properties  (jet  static  pressure  ratio,  freestream 
Mach  number,  freestream  Reynolds  number,  etc.),  base  and  afterbody  geometries  (nozzle 
divergence  angle,  afterbody  flare  or  boattail  angle,  no^e-to-base  diameter  ratio,  etc.),  and  angle  of 
attack.  These  studies  reli^  strongly  upon  scUieren  photography,  surface  oil  flow  visualization, 
measurements  of  the  resultant  aerodynamic  forces  and  moments,  and,  to  a  lesser  extent,  surface 
static  pressure  measurements  to  examine  the  effects  caused  by  PIBLS.  _ 

As  a  result  of  the  design  evolution  of  propulsion  units  to  produce  higher  thrust,  the  region  ^ 
of  the  flight  envelope  encountering  PIBLS  expanded  [5]  and  the  plume-induced  separation  of 
turbulent  boundary  layers  became  important.  Experimental  studies  involving  the  plume-induced  ^ 
separation  of  turbulent  boundary  layers  were  conducted  on  wind  tunnel  models  beginning  in  the 
1970's.  With  one  exception  [6],  these  experiments  were  primarily  conducted  at  the  Aeronautical  ^ 
Research  Institute  of  Sweden  (FFA)  [e.g.,  7,8]  and  the  University  of  Alabama  [9-11],  and  have 
tended  to  focus  on  obtaining  insight  into  the  fundamental  nature  of  PIBLS  flowfields.  While  the  - 
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University  of  Alabama  experiments  involved  surface  pressure  fluctuatirai  measurements  beneath 
the  unsteady  separation  shock  wave,  the  FFA  experiments,  specifically  the  pressure  probe 
measurements  of  Agrell  [12]  and  the  one-com^nent  laser  Doppler  velocimeter  (lj>V) 
measurements  reported  by  Ag^  [13]  and  Pin  and  Agrell  [14],  attempted  to  flowfield 
property  measurements  tfarou^ut  die  separued  flow  region  a  PIBLS  flowfield.  Aldiou^  for 
different  reasons,  neither  the  LDV  technique  [13.14]  nor  the  pressure  probe  technique  [12]  were 
sufficiently  accurate  to  allow  a  quantitative  detominatim  of  die  velocity  field  within  a  PIBLS 
region. 


Beginning  in  the  1950's  and  continuing  <»  into  the  1960^s,  two  analytical  techniques  were 
develt^ied  for  calculating  the  flow  properti^  behind  a  blunt  base  immersed  in  a  supersonic  flow. 
The  two  techniques  were  the  integr^  or  moment  method  [IS]  and  the  Chapman-Korst  component 
or  multicompmient  method  [16,17].  Although  the  integral  method  was  extended  to  deal  with  a 
zero  thickness  base  geometry  undergoing  PIBLS  [18],  this  techr^ue  has  proven  to  be  more 
difficult  and  less  versatile  than  the  component  medu^  [19].  Aided  in  part  by  the  develc^ment  of 
computer  programs  by  Addy  [e.g.,  20],  die  component  method  emerged  in  die  1970's  as  the 
method  of  choice  for  computing  PIBLS  flowfields  because  of  its  flexibility  in  modeling  a  wide 
range  of  base  geometries  and  flow  properties.  The  component  method  has  been  used  to  calculate 
PIBLS  flowfields  on  aerodynamic  bodies  at  both  zero  and  nonzero  angles  of  attack  [e.g.,  21,22]. 
On  axisymmetric  models  at  zero  angle  of  attack,  the  component  method,  in  general,  underpredicts 
the  extent  of  separation  at  lower  jet  static  pressure  ratios  a^  overpredicts  the  extent  of  separation  at 
higher  jet  static  pressure  ratios.  Although  the  quantitative  prediction  of  the  base  pressure 
distributions  and  the  separation  lengths  are  not,  generally  spral^g,  in  good  agreement  with  the 
experimental  measurements,  the  qui^tative  trench  induct  by  the  jet  static  pressure  ratio  and  the 
nozzle  half-angle  are  predicted  reasonably  well  by  die  component  mediod  for  both  symmetric  and 
asymmetric  PIBLS  flowfields. 

With  the  advent  of  supercomputers  and  better  numerical  algorithms,  the  numerical 
modeling  of  PIBLS  flowfields  using  Navier-Stokes  (N-S)  methods  has  develops  over  the  past 
decade  and  stands  today  as  an  area  of  major  interesL  The  Navier-Stokes  investigations  which  have 
calculated  PIBLS  flowfields  [e.g.,  23,24],  in  general,  underpredict  the  extent  of  separation, 
underpredia  the  separation  angle,  and  underpredict  the  base  and  afterbody  pressure  distributions. 
Even  when  one  of  these  studies  was  successful  at  quantitatively  predicting  one  or  nKne  of  these 
four  features,  the  remaining  features  were  not  in  agimment  with  the  experimental  data.  Although 
the  quantitative  prediction  of  these  features,  in  general,  is  in  poor  agreement  with  the  experimental 
measurements,  the  parametric  trends  induced  by  the  jet  static  pressure  ratio  and  the  nozzle  half- 
angle  are  predicted  reasonably  well  by  the  N-S  methods. 

A  majority  of  the  N-S  studies  [e.g.,  25,26]  have  emphasized  the  need  for  better  turbulence 
modeling  throughout  the  plume-induced  separated  region  of  the  flowfield  in  order  to  achieve  a 
more  accurate  prediction  of  the  flow.  As  just  discussed,  the  extent  of  the  separation  zone,  the 
angle  of  separation,  and  the  surface  static  pressure  distributions  over  the  base  and  afterbody  have 
formed  the  basis  for  comparing  N-S  calculations  with  experimental  data.  Although  these  features 
allow  a  determination  to  be  m^  of  the  general  accuracy  of  a  N-S  prediction,  they  do  not  permit  a 
direct  evaluation  of  a  turbulence  model's  ability  to  predet  the  tuibulence  structure  throughout  a 
plume-induced,  separated  flowfield.  Accurate  measurements  of  mean  velocity  and  turbulence 
quandties  obtained  throughout  a  PIBLS  flowfield  arc  necessary  in  order  to  evaluate  the  accuracy  of 
a  turbulence  model.  This  is  exactly  the  information  that  the  present  work  is  directed  at  obtaining. 

The  experimental  investigation  described  herein  will  provide  a  better  understanding  of  the 
mechanisms  and  interactions  present  in  a  PIBLS  flowfield  primarily  by  measuring  the  mean  and 
fluctuating  components  of  velocity  with  an  LDV  system  Schlieren  photographs  ai^  shadowgraph 
pictures,  surface  flow  visualization,  and  mean  and  fluctuating  wall  static  pressure  measurements 
have  also  been  made  of  the  PIBLS  flowfield.  By  gaining  a  better  understanding  of  the  fluid 
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dynamic  processes  present  in  a  PIBLS  flowfield,  it  is  felt  that  the  existence  of  this  phenomenon 
can  more  accurately  be  predicted  and  dius  tedux)log^cal  improvements  can  be  made  to  aerodynamic 
vehicles  which  will  delay,  control,  or  totally  eliminate  either  PIBLS  or  the  adverse  effects 
associated  with  its  occurrence. 

FLOW  FACILITY  AND  WIND  TUNNEL  DESCRIPTION 

The  experiments  conducted  in  this  study  are  performed  using  die  flow  facility  located  in  the 
Gas  Djmamics  Laboratory.  The  flow  facility  consists  of  a  tank  farm  with  a  storage  capacity  of 
approximately  146  m^  and  two  air  compressors:  an  Ingersoll>Rand  compressor  which  produces 
0.68  kg/s  at  960  kPa  and  a  Gardner-Denver  conqiressor  which  delivers  0.33  kg/s  at  760  l^a. 

A  two-stream,  supersonic  wind  tunnel  was  specifically  designed  to  produce  plume- 
induced,  turbulent  boundary  layer  separation  in  the  test  section.  The  small-st^e  wind  tunnel 
incorporates  a  two-dimensional  planar  geometry  and  operates  in  the  blowdown  mode.  The 
geometry  of  die  wind  tunnel  is  shown  in  Hgures  2  and  3.  Figure  2  is  a  cross  sectional  view  of  the 
wind  tunnel  test  section.  Hgure  3  is  a  photograph  of  the  actual  PIBLS  wind  tunnel  with  one  side 
wall  removed.  In  order  to  minimize  pressure  losses,  the  cross  sectional  area  of  each  stream  was 
scaled  so  that  the  Mach  number  of  the  flow  would  not  exceed  0.2  at  any  location  upstream  of  the 
nozzle  blocks.  The  region  of  supersonic  flow  in  each  stream  is  produced  with  a  fixed  nozzle  block 
whose  diverging  contour  was  calculated  using  the  mediod  of  characteristics  nozzle  design  program 
NOZCS.  The  height  of  the  base  is  1.27  cm  and  the  angle  between  the  two  streams  is  40  degrees 
(see  Hgure  2).  The  width  of  each  stream  is  S.08  cm,  exc^t  at  the  inlet  of  the  tunnel  where  each 
stream  is  7.62  cm  wide.  Optical  access  to  the  test  section  is  provided  by  a  removable  glass 
window  assembly  mounted  in  each  of  the  two  side  walls  of  die  tunneL 

As  just  stated,  the  angle  between  the  two  streams  is  40  degrees.  A  brief  discussion  of  the 
method  us^  to  arrive  at  this  value  is  in  orda  since  choosing  this  parameter  was  the  most  critical 
aspect  in  the  design  of  the  wind  tunnel.  In  essence,  the  concept  was  to  choose  an  angle  between 
the  two  streams  which  would  be  sufficient  to  deflea  the  discriminating  streamline  present  in  the 
shear  layer  emanating  from  the  separation  point  (assumed  to  be  at  the  comer  of  the  base)  in  the 
upper  stream  at  an  angle  of  about  IS  degrees  (discussed  below)  with  respect  to  the  freestream  flow 
diiection.  The  location  of  the  discriminating  streamline  was  calculated  using  the  restricted  nxxlel  of 
the  multicomponent  method  [27,28]  modified  to  include  the  reattachment  criterion  of  Addy  [29] 
with  a  reattachment  coefficient  of  0.9.  All  of  the  computations  were  done  for  a  single  operating 
condition:  an  upper  stream  stagnation  pressure  of  517  kPa  and  a  lower  stream  stagnation  pressure 
of  345  kPa.  By  summarizing  data  taken  from  experiments  on  turbulent  boundary  layer  separation 
ahead  of  forward-facing  steps  for  Mach  numbers  ranging  from  1.0  to  6.0  and  step  heights  of  at 
least  one  boundary  layer  thickness,  Zukoski  [30]  found  that  the  inner  surface  of  the  shear  layer 
bounding  the  separation  zone  formed  an  angle  of  13  degrees  with  respect  to  the  fieestream  flow 
direction  and  the  outer  surface  formed  an  angle  of  16.5  degrees.  Since  separation  in  the  forward- 
facing  step  experiments  is  produced  by  a  solid  geometric  boundary  and  separation  in  the  PIBLS 
study  is  caused  by  a  compliant  aerodynamic  boundary,  there  is  an  intrinsic  difference  between  the 
two  flowfields  [31]  and  therefore  it  was  deemed  unnecessary  to  know  the  precise  location  of  the 
discriminating  streamline  in  the  forward-facing  step  experiments.  The  decision  was  made  to 
simply  equate  the  angle  of  the  discriminating  streamline  in  the  PIBLS  study  to  a  value  slightly 
above  (approximately  15  degrees)  the  average  of  the  angles  between  the  upper  and  lower  surfaces 
of  the  shear  layer  from  the  forwjud-facing  step  data  of  Zukoski.  The  angle  of  the  discriminating 
streamline  in  the  upper  shear  layer  of  the  PIBLS  investigation  was  comput^  to  be  14.7  degrees  for 
an  angle  between  the  two  streams  of  39  degrees,  and  15.5  degrees  for  an  angle  of  40  degrees.  The 
decision  was  made  to  opt  for  the  40  degree  angle,  and,  in  so  doing,  it  was  hoped  that  there  would 
exist  sufficient  latitude  in  throttling  or  unthrottling  the  lower  stream  away  from  the  345  kPa 
stagnation  pressure  design  point  so  as  to  achieve  PIBLS. 
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Preliminary  investigations  of  the  flowfield  using  schlieren  photographs,  shadowgraph 
pictures,  and  surface  oil  flow  visualization  have  shown  that  plume-induced,  boundary  layer 
squradon  can  be  produced  in  the  wind  tunnel  designed  for  this  investiga^n  (see  Figures  4  and  5). 
Acceptable  PIBLS  flowfields  can  be  produced  by  varying  the  stagnation  pressure  of  the  lower 
stream  over  the  approximate  range  of  255  Id^  to  186  while  maintaining  a  stagnation  pressure 
of  517  kPa  in  the  upper  stream.  This  corresponds  to  jet  static  pressure  ratios  of  approxinoately  2.4 
to  1.7.  In  these  flowfields,  a  boundary  layer  develops  on  the  tottom  wall  of  the  upper  stream  and 
forms  a  free  shear  layer  after  undergdng  sepa^on  somewhere  upstream  of  the  upper  base  comer. 
It  is  interesting  to  note  that  an  angle  of  approximately  15  degrees  (ie.,  the  value  u^  in  the  design) 
results  from  avera^g  the  angles  made  by  the  iimer  and  outer  surfaces  of  this  shear  layer.  *^0 
separation  point  is  nominally  located  1.9  cm  (about  6So)  forward  of  the  upper  base  comer  (as 
determined  by  surface  oil  flow  experiments)  at  a  lower  stream  stagnation  p^sure  of  255  1^ 
(pJp^lA).  (The  surface  flow  tec^que  determines  the  downstream  boundsffy  of  die  region  over 
wluch  die  unsteady  shock  wave  oscill^es  [32].)  The  nominal  location  of  the  separation  point  can 
be  reduced  to  approximately  0.64  cm  (about  2^)  forward  of  die  upper  base  comer  if  die  stagnation 
pressure  in  the  lower  stream  is  throned  to  about  186  kPa  (pj^.o=1.7).  The  only  two  regions 
having  a  spanwise  variation  in  the  streamwise  location  of  the  separation  line,  as  delmeated  by  the 
surface  oil  flow  experiments,  are  located  adjacent  to  each  wind  tunnel  side  wall  and  extend  for  0.97 
cm  fiom  each  side  wall.  Since  the  separation  line  is  straight  and  perpendicular  to  the  fieestream 
flow  direction  over  the  inner  3.18  cm  of  the  tunnel  width,  the  flowfield  appears  to  be  reasonably 
two-dimensional  over  this  inner  region. 

From  the  review  of  experimental  work  on  the  plume-induced  separation  of  turbulent 
bounda^  layers,  the  separation  process  has  been  shown  to  be  unsteady  on  wind  tunnel  models. 
Separation  shock  wave  unsteadiness  has  also  been  reported  on  actual  &ght  vehicles  undergoing 
PIBLS  [33,  34],  although  it  is  unknown  whether  the  mechanism  causing  the  unsteadiness  on  the 
wind  tunnel  m^els  is  the  same  mechanism  causing  the  unsteadiness  on  flight  vehicles.  The 
PIBLS  flowfield  produced  in  the  wind  tunnel  of  this  investigation  also  exlubits  an  unsteady 
separation  process.  The  streamwise  extent  of  the  unsteadiness  (as  indicated  by  separation  shock 
motion)  has  been  estimated  from  schlieren  observations  to  be  on  the  order  of  several  boundary 
layer  thicknesses.  The  detailed  motion  of  the  unsteady  separation  shock  wave  also  appears  under 
schlieren  observation  to  be  very  similar  to  the  unsteadiness  described  in  the  PIBLS  experiments  of 
Boggess  [9]  and  Doughty  [10,1 1],  i.e.  a  quasi-random,  aperiodic  movement  of  the  shock.  This 
unsteadiness  clearly  poses  a  problem  when  making  LDV  measurements  because  it  is  impossible  to 
distinguish  between  velocity  fluctuations  caused  by  turbulent  eddies  and  velocity  fluctuations 
caused  by  the  gross  translational  movement  of  the  separation  region.  The  conditional  sampling 
approach  to  be  used  to  address  this  LDV  measurement  problem  is  described  in  the  following 
section. 


RESULTS 

Although  a  range  of  PIBLS  flowfields  can  be  produced  in  the  wind  tunnel  designed  and 
built  for  this  investigation,  only  one  such  flowfield  has  been  chosen  in  which  to  conduct  the 
detailed  LDV  measurements.  The  flowfield  chosen  for  the  preliminary  measurements  presented  in 
this  paper  is  produced  by  setting  the  upper  and  lower  stream  stagnation  pressures  at  approximately 
5 1 7  kPa  and  255  kPa,  respectively.  The  foot  of  the  separation  shock  wave  is  then  nominally 
located  1.9  cm  (about  6oo)  upstream  of  the  base  comer  and  thus,  based  upon  previous 
experimental  results  [7],  the  separation  process  should  be  a  free-interaction  at  this  location. 
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Schlieren/Shadowgraph  Visualizations 

Visualization  of  the  near-wake  flowfield  has  been  documented  u^g  shadowgraph  pictures 
and  schlieren  photographs.  Both  systems  were  configured  with  components  in  the  standard  ”Z"- 
shaped  arrangement  where  the  light  source  and  receiving  optics  were  positioned  as  close  as 
possible  to  the  collimated  light  be^  passing  through  the  wind  tunnel  test  section.  The  schlieren 
system  uses  a  Xenon  M^el  457  Micropulser  light  source  having  a  spark  duration  of 
approximately  1.4  microseconds  when  operated  in  the  single  pulse  m^.  The  shadowgraph 
system  uses  a  Xenon  Model  437B  Nanopulser  light  source  having  a  spark  duration  of 
approximaudy  25  nanoseconds  in  the  single  pulse  mode.  The  collimated  light  was  created  using 
two,  30.48  cm  diameter,  243.8  cm  focal-length  mirrors.  The  receiving  optics  in  the  schlieren 
setup  consisted  of  a  horizontally  mounted  knife-edge,  and  a  "smoked"  glass  collection  plate  for 
viewing  the  image  or  a  Polaroid  film  holder  ftn-  obtaining  a  permanent  photograph.  The  receiving 
optics  in  the  shadowgraph  setup  consisted  of  a  Nikon  Model  F2  35  mm  camera.  Hgure  4  shows  a 
typical  schlieren  photograph  of  the  PIBLS  flowfield  while  Figure  5  shows  a  typical  shadowgraph 
picture.  When  comparing  the  two  prints,  it  is  quite  evident  that  the  shadowgraph  system,  with  the 
25  nanosecond  light  pulse,  resolves  much  smaller  turbulence  scales  throughout  the  flowfield  than 
does  the  schlieren  system. 

Mean  Static  Pressure  Measurements 

Mean  wall  static  pressure  measurements  have  been  obtained  fiom  static  pressure  taps 
mounted  in  the  top,  bottom,  and  base  surfaces  of  the  center  partidmi,  as  well  as  from  a  side  wall 
assembly  that  has  been  extensively  instrumented  with  static  pressure  taps.  The  top  surface  of  the 
center  partition  has  twenty-nine  pressure  taps  installed  at  a  ^anwise  station  locat^  0.475  cm  off 
the  wind  tunnel  centerline,  (llte  taps  could  not  be  placed  on  the  centerline  because  two 
miniaturized,  high-frequency  response,  piezoresistive  pressure  transducers  are  mounted  along  the 
centerline.)  Beginning  0.318  cm  upstream  of  the  base  plane  and  extending  to  3.81  cm  upstream  of 
the  base  plane,  the  taps  are  located  every  0.159  cm;  the  taps  are  uniformly  spaced  every  0.635  cm 
starting  at  3.81  cm  upstream  of  the  base  plane  and  condnumg  to  7.62  cm  upstream  of  the  base 
plane.  The  bottom  surface  of  the  center  parddon  has  four  pressure  taps  mounted  along  the  same 
span  wise  sudon  as  the  top  surface.  The  locadon  of  these  taps  Itegins  0.318  cm  upstream 
(measured  local  to  the  Mach  1.5  flow  direcdon)  of  the  base  plane  and  condnues  to  1.27  cm 
upstream  of  the  base  plane  in  intervals  of  0.318  cm.  The  base  plane  of  the  center  parddon  has  four 
pressure  taps  mounted  along  a  spanwise  stadon  0.556  cm  off  the  wind  tunnel  centerline. 
Beginning  0.419  cm  from  the  top  surface  of  the  center  parddon,  the  taps  are  located  every  0.203 
cm. 


The  side  wall  stadc  pressure  measurement  assembly  is  a  rectangular  aluminum  insen  which 
is  used  for  conducdng  mean  stadc  pressure  measurements  over  the  entire  PIBLS  flowfield.  In 
order  to  do  so,  one  of  the  window  assemblies  is  removed  from  the  tunnel  side  wall  and  the 
pressure  measurement  assembly  is  installed  in  its  place.  This  assembly  contains  425  stadc 
pressure  taps  uniformly  distributed,  0.229  cm  between  centers,  over  the  main  region  of  interest  in 
the  flowfield.  The  region  of  interest  was  established  from  schlieren  photographs  and  is  shown  in 
Figure  6. 


Pressure  measurements  from  the  pressure  taps  in  the  center  parddon,  the  side  wall  insert, 
and  the  pitot  probes  at  the  nozzle  entrances  are  acquired  by  connecdng  the  pressure  taps  to  a 
Pressure  Systems  Incorporated  Model  DPT  64(X)  digital  pressure  transmitter  using  clear  flexible 
vinyl  tubing.  The  pressure  transducers  of  the  DPT  6400  were  calibrated  with  a  Bell  &  Howell 
dead  weight  tester.  Figure  7  shows  a  two-dimensional  surface  plot  of  the  mean  stadc  pressure 
field  taken  from  the  side  wall  insert  The  general  trends  of  a  constant  pressure  in  the  base  region 
and  a  pressure  increase  in  the  inidal  pordon  of  the  wake  redevelopment  region  downstream  of  the 
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point  of  confluence  between  the  two  shear  layers  is  evident  in  the  data.  However,  the  strong 
pressure  gradients  across  the  separation  shock  wave  and  the  recompression  shock  waves 
#»fnaniiring  from  die  point  oi  confluence  between  die  two  shear  layers  are  significandy  smeared  over 
a  sizeable  area  due  to  die  unsteadiness  of  the  sqiaration  process.  These  mean  static  pressure 
measurements,  alcmg  with  those  shown  in  Hgure  8,  prov^  strong  motivation  for  ctmducting 
conditional  sampling  of  the  LDV  data.  Figure  8  shows  the  mean  static  pressure  measurements 
taken  from  die  pressure  taps  in  die  top  surface  of  die  center  paitititm  and  die  mean  static  pressure 
measurements  talren  from  a  horizontal  row  of  pressure  taps,  0.114  cm  above  die  top  surface  of  the 
center  partition,  in  die  side  wall  insert  The  two  rows  of  measurements  differ  over  the  intermittent 
regicm  of  the  separation  shock  motion  and  over  the  separated  regimi  confined  between  the 
intermittent  regi(Mi  and  the  base  plane. 

Conditionally  Sampled  LDV  Measurement  Approach 

The  mean  and  fluctuating  velocity  cmxqionents  will  be  measured  widi  the  LDV  over  the 
entire  region  of  interest  in  the  PIBLS  flowfidd.  Also,  measurements  in  the  turbulent  boundary 
layer  and  the  adjacent  inviscid  flow  for  both  streams  forward  of  the  separation  location  wUl  be 
niflrff.  In  order  to  obtain  LDV  measurements  diroughout  an  unsteady  PIBLS  flowfield,  a  means 
must  be  found  to  overcome  the  problems  posed  by  the  unsteady  separation  shock  motion.  There 
are  essentially  two  options:  either  a  method  must  be  found  to  stabilize  the  separation  shock  or  a 
conditional  sampling  technique  must  be  developed  for  acquiring  the  data.  There  are  several  passive 
techniques  available  which  have  been  used  to  stabilize  shock  wave  motion  on  airfoils  in  transonic 
flow  [e.g.,  35].  Unfortunately,  it  is  not  at  all  obvious  that  these  techniques  will  apply  to  a 
supersonic  two-stream  interaction.  In  addition,  applying  blowing  or  suction  to  the  bounduy  layer, 
or  any  other  approach  that  would  produce  the  same  effect,  will  perturb  the  flow  in  the  seamed 
region  and  hence  is  unacceptable.  Previous  work  by  Dou^ty  [11]  has  shown  that  the  len^  scale 
of  the  unsteadiness  can  be  reduced  by  approximately  80%  in  a  PIBLS  flowfield  by  positioning  a 
small  wire  protuberance  of  circular  cross  section  near  the  sqparation  point  This  method  was 
implemented  in  the  wind  tunnel  designed  for  the  present  PIBLS  study  and  the  resulting  flowfields 
were  examined  qualitatively  using  schlieren  photography.  Although  a  reduction  in  the  length  scale 
of  the  unsteady  separation  shock  wave  motion  was  observed,  this  approach  was  deemed 
inappropriate  for  the  present  PIBLS  study  because  the  presence  of  the  small  wire  protuberances 
appeared  to  alter  the  turbulence  structure  in  the  resulting  separated  shear  layer.  Therefore,  a 
conditional  sampling  technique  for  acquiring  and  analyzing  the  LDV  data  is  under  development 

The  approach  of  conditionally  sampling  LDV  data  using  surface  pressure  measurements  as 
a  means  for  locating  the  separation  shock  wave  has  been  reported  in  the  experiments  of  Kussoy,  et 
al.  [36].  In  this  study,  six  fast-response  pressure  transducers  were  used  to  conditionally  sample 
LDV  measurements  t^en  from  two  unsteady  separated  flowfields  produced  by  a  cylinder-flare 
body.  The  axis  of  the  30  degree  flare  was  canted  at  an  angle  relative  to  the  axis  of  the  cylinder  in 
order  to  produce  a  region  of  three-dimensional  separation.  Flowfields  for  canted  angles  of  5 
degrees  and  23  degrees  were  examined  by  simultaneously  measuring  and  recording  the  pressure 
sensed  at  all  six  pressure  transducers  with  every  LDV  measurement.  However,  the  authors 
reponed  only  one  rather  simple  approach  for  conditionally  sampling  the  data.  This  approach 
basically  consisted  of  dividing  the  transducer  array  region  into  two  sections  using  the  pressure 
sensed  at  the  transducer  locat^  beneath  the  average  shock  position.  This  transducer,  called  the 
center  transducer,  was  identified  by  observing  shadowgraph  movies  of  the  shock  unsteadiness. 
For  each  LDV  measurement  location,  the  ensemble-averaged  mean  and  standard  deviation  of  the 
pressure  (Pw  and  Onw)  were  computed  using  the  pressure  data  recorded  from  the  center  transducer. 
Then,  for  eacii  LDV  irxsasurement  location,  aU  LDV  realizations  having  an  associated  pressure  level 
greater  than  Pw  Opw  were  collected  and  labeled  as  the  ’'shockiorward”  data  set  Likewise,  all 
LDV  realizations  having  an  associated  pressure  level  less  than  Pw  *  O.SGpw  were  collected  and 
labeled  as  the  "shock  back”  data  set  Using  this  conditional  sampling  technique  on  the  data  from 
both  flowfields,  Kussoy,  et  al.  [36]  reponed  the  mean  streamlines  consmiaed  from  the  ensemble- 
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averaged  velocity  ccnnpcHients,  contours  of  die  mean  streamwise  velocity,  and  the  stieamwise 
distribution  of  the  maximum  turtndent  kinetic  energy  (kmax)  for  all  duee  data  sets:  the  "shock 
forward"  data  set,  die  "shock  bade"  data  set,  and  the  data  set  constructed  from  ensemble-averaging 
all  of  the  measurements.  Tlie  authors  pointed  out  that,  aldiough  the  recirculating  core  within  the 
separated  region  does  move  streamwise  alcmg  the  cylinder,  there  is  litde  change  in  the  appearance 
of  the  mean  velocity  field  as  die  shock  wave  fluctuates  between  its  upstream  and  downstream 
positions.  The  streamwise  distributions  of  the  maximum  turbulent  kinetic  energy  for  both 
fiowfields  show  that  the  lai^est  difference  between  the  three  data  sets  occurs  in  the  intermittent 
regicHi  over  which  the  shock  wave  oscillates. 

The  conditional  sampling  technique,  more  accurately  described  as  a  conditional  analysis 
technique,  used  in  Ae  current  wotic  is  being  implemented  in  the  following  manner.  Two  Kulite 
Mc^el  XCS-062-1SG  pressure  transducers  have  been  mounted  flush  to  the  surface  of  the  lower 
wall  of  the  Mach  2.5  stream  as  shown  in  Hgure  9.  The  transducers  are  located  1.91  cm  and  1.6S 
cm  upstream  of  the  base  plane,  and  are  both  within  the  intermittent  region  of  the  s^aiation  shock 
wave  motion.  The  flowfield  to  be  stuped  will  be  selected  by  adjusting  the  stagiution  pressure  of 
the  lower  stream  such  that  the  two  pressure  transducers  are  positioned  on  either  side  of  the  average 
separation  shock  location.  The  two  time  history  traces,  one  trace  created  fiom  each  of  the  two 
pressure  transducers  during  the  course  of  a  tunnel  run,  will  be  used  to  define  the  instantaneous 
location  of  the  separation  sl^k  wave  by  in^lnnenting  a  two-threshold  algorithm  [3738]  designed 
to  determine  whether  the  shock  wave  is  upstream  or  downstream  of  each  transducer.  There  are 
three  regions  in  which  the  ^ock  could  be  located  at  any  instant  in  time:  the  region  upstream  of 
both  pressure  transducers,  the  region  in  between  the  two  transducers,  and  the  region  downstream 
of  both  transducers.  LJ^V  data  acquisition  fiom  a  TSI  Model  IFA  750  digital  Doppler  signal 
processor  is  controlled  using  FIND  software  running  on  a  Gateway  2000  personal  computer, 
which  is  an  IBM-compatible  486  machine.  By  initializing  acquisition  of  the  LDV  data 
simultaneously  with  the  acquisition  of  data  from  the  pressure  transducers,  the  location  of  the 
separation  shock  wave  relative  to  the  two  pressure  transducers  can  be  determined  for  each  LDV 
realization  because  each  velocity  measurement  also  has  an  absolute  time  stanq},  accurate  to  within 
one  microsecond,  recorded  at  the  time  of  acquisition.  Thus,  during  data  analysis,  each  LDV 
measurement  will  be  sorted  according  to  die  re^on  in  which  the  shock  was  located  when  the  LDV 
measiu’ement  was  acquired.  By  comparing  the  ensemble-averaged  flowfield  quantities  derived 
from  the  LDV  measurements  taken  while  the  separation  shock  was  in  the  region  between  the  two 
transducers  with  the  ensemble-averaged  flowfield  quantities  computed  ^m  all  of  the  LDV 
measurements,  the  effect  of  the  unsteady  separation  shock  wave  nxjtion  on  the  mean  velocity  and 
turbulent  statistical  data  can  be  determined. 

The  data  acquisition  system  for  the  pressure  transducers  is  based  around  a  Macintosh  Ilfx 
computer  equipped  with  32  MBytes  of  RAM,  a  160  MByte  internal  hard  disk  drive,  a  National 
Instruments  Model  NB-A2000  Analog-to-Digital  (A/D)  converter,  and  a  MicroNet  Technology 
Model  SB- loco  external  hard  disk  drive  having  a  storage  capacity  of  approximately  1  GByte.  Data 
acquisition  via  the  A/D  converter  is  controll^  by  a  National  Instruments  Model  NB-DMA28(X) 
Direct  Memory  Access  Interface  Board.  Lab  VIEW  2,  an  icon-based  computer  language  written  by 
National  Instruments,  is  used  exclusively  to  acquire  and  analyze  the  pressure  data.  This  data 
acquisition  system  is  capable  of  simultaneously  sampling  two  channels  at  a  rate  of  166,667 
samplcs/scc  per  channel  for  8.5  minutes  (longer  than  the  blowdown  time  of  the  tunnel)  before 
overwriting  the  allocated  memory  buffer.  Currently,  Lab  VIEW  programs  based  upon  the  two- 
threshold  algorithm  [37,38]  are  being  written  to  analyze  the  pressure  di^ 


The  conditional  analysis  technique  outlined  above  will  work  in  principle  because  the 
frequency  spectrum  of  the  unsteady  separation  shock  wave  motion,  although  being  broadband,  is 
centered  around  1  kHz  or  less  as  shown  in  the  power  spectral  density  estimate  of  Figure  10.  The 
data  used  to  create  Figure  10  were  taken  with  the  pressure  data  acquisition  system  by  sampling  one 
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of  die  flush-mcHinted  pressure  transducers  located  in  the  intermittent  region  at  a  rate  of  416,^7 
sanples/sec.  The  resulting  time  history  was  dien  digitally  low>pass  ffltoed  at  100  Idiz  and 
calculadons  using  die  split-radix  algorithm  were  petfonned  cm  each  of  183  reccnds,  where  each 
record  ccmsists  of  163^  data  points.  The  power  qiectral  density  estimate  is  plotted  as  f«G(0 
versus  f  cm  linear-log  axes  [39]  as  shown  in  Hgure  10. 

Once  the  LabVlEW  ccmdidcmal  analysis  programs  have  been  conpleted,  acquiatkm  of  die 
two-ocmponentcondidonallysanqiledLDV  data  wdl  commence.  Results  of  these  measurements 
will  be  reported  in  detail  in  future  publications. 


CONCLUSIONS 


The  cunent  paper  describes  an  experimental  invesdgadcm  of  a  PIBLS  flowfield  produced 
by  the  interacdon  between  two  ncmpaiall^  supersonic  streams  in  die  presence  of  a  finite  thickness 
base.  The  purpose  of  the  study  is  to  gain  a  better  undostanding  of  the  extent  to  which  die  fluid 
dynamic  mechanisms  and  interacdons  present  in  the  PffiLS  flowfield  influence  die  turbulence 
properdes  of  the  flow.  A  two-stream,  supersonic  wind  tunnel,  incotporadng  a  two-dimensional 
planar  geometry  and  operating  in  the  blowdown  mode,  was  specifically  designed  to  produce  a 
PEBLS  flowfield  Preliminaiy  experiments  have  demonstrared  that  Ae  wind  tunnel  is  capable  of 
producing  a  wide  range  of  PCBLS  fiowfields  by  simply  regulating  die  stagnadcm  pressure  of  die 
lower  stream  (jet  flow)  reladve  to  the  i^per  stream  (fiwstream  fiow).  Om  PIBLS  flowfield  has 
been  chosen  in  which  to  conduct  a  detail^  set  of  measurements.  This  flowfield  has  its  sepaiatkm 
point  located  about  ^  upstream  of  the  base  comer.  A  detailed  study  of  this  PIBLS  fio^dd  is 
underway  using  schlieren  phcxography  and  shadowgraph  pictures,  surface  streakline  visualizadon, 
surface  static  pressure  measurements,  and  twosmtxqxment,  coincident  LDV  measurements. 

Unfonunately,  the  separation  shock  wave  associated  with  the  PIBLS  fiowfields  is 
unsteady.  The  streamwise  extent  of  the  unsteadiness  was  estimated  from  schlieren  observation  to 
be  on  the  order  of  several  boundary  layer  thicknesses.  This  unsteadiness  poses  a  problem  when 
making  LDV  measurements  because  it  is  impossible  to  distinguish  between  velocity  fluctuations 
caused  by  the  turbulent  eddies  and  velocity  fluctuations  caused  by  the  gross  movement  of  the 
separated  region.  Fortunately,  this  problem  is  not  insurmountable.  A  conditional  sampling 
technique  for  acquiring  and  analyzing  the  LDV  data  is  currently  under  development  using  surface 
static  pressure  measurements  taken  fast-response  pressure  transducers  as  a  means  of  tracking 

the  separation  shock  wave  motion.  This  technique  effectively  reduces  the  length  scale  of  the 
unsteadiness  by  eliminating  from  the  data  analysis  any  LDV  measurements  that  are  recorded  when 
the  shock  wave  is  outside  the  region  confined  between  die  two  pressure  transducers. 
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Hgure  1.  Typical  PIBLS  Phenomenon  Occurring  on  a  h^asile 


Serttat 


Figure  Z  Cross  Sectional  View  of  the  PIBLS  Wind  Tunnel 
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Figure  3.  Photograph  of  the  PIBLS  Wind  Tunnel 


Figure  4.  Typical  Schlieren  Photograph  of  PIBLS  Flowfield 
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Figure  5.  Typical  Shadowgraph  of  PIBLS  Rowfield 


Figure  6.  Region  of  Interest  in  PIBLS  Flowfield 
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Figure  7.  Surface  Contour  Hot  of  Ac  Mean  Static  Pressure  Field 


Distance  from  Base,  X  (inches) 


Figure  8.  Streamwisc  Distribution  of  the  Mean  Static  Pressure  Along/Near  the  Center  Partition 


G  *  f  (arbibraiy  units) 


Hgure9.  Fast-Response  Pressure  Txansducer  Mounting  Locadons 


Figure  10.  Power  Spectral  Density  Estunaie  of  the  Pressure  Signal  in  the  Intenmittent  Region 
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